Proton beam therapy (PBRT) is an essential tool in the treatment of certain ocular tumors due to its characteristic fall-off and sharp beam parameters at critical structures. Review of clinical cases in our ocular PBRT program identified patients with silicone oil used as an intraocular tamponade following pars plana vitrectomy for repair of retinal detachment. Patient's eye may be filled with silicone oil prior to PBRT for an ocular tumor. The objective of this study was to extend our knowledge of the physical characteristics of proton beams in silicone oil by measuring dose within a silicone tank itself, hence better representing the surgical eye, as well as applying the range changes to EYEPLAN software to estimate clinical impact. The relevant proton beam physical parameters in silicone oil were studied using a 67.5 MeV un-modulated proton beam. The beam parameters being defined included: 1) residual range; 2) peak/plateau ratio; 3) full width at half maximum (FWHM) of the Bragg peak; and 4) distal penumbra. Initially, the dose uniformity of the proton beam was confirmed at 10 mm and 28 mm depth, corresponding to plateau and peak region of the Bragg peak using Gefchromic film. Once the beam was established as expected, three sets of measurements of the beam parameters were taken in: a) water (control); b) silicone-1000 oil and water; and c) silicone-1000 oil only. Central-axis depth-ionization measurements were performed in a tank ("main tank") with a 0.1cc ionization chamber (Model IC-18, Far west) having walls made of Shonka A150 plastic. The tank was 92 mm (length) × 40 mm (height) × 40 mm (depth). The tank had a 0.13 mm thick kapton entrance window through which the proton beam was incident. The ionization chamber was always positioned in the center of the circular field of diameter 30 mm with the phantom surface at isocenter. The ionization chamber measurements were taken at defined depths in increments of 2 mm, from 0 to 35 mm. To define the effect of silicone oil on the physical characteristics of proton beam, the above-defined three sets of measurements were made. In the first run (a), the Bragg-peak measurements were made in the main tank filled with water. In the second run (b), a second smaller tank filled with 10 mm depth silicone oil was placed in front of the water tank and the measurements were repeated in water. In the third run (c), the water in the main tank was replaced with silicone oil and the measurements were repeated in silicone directly (no second tank in runs "a" and "c"). Finally, the effects of change in range on dose distribution based on the EYEPLAN® treatment planning software of patients with lesions in close proximity to the disc/macula as well as ciliary body tumors were studied. The uniformity of the radiation across the treatment volume shows that the radiation field was uniform within ± 3% at 10 mm depth and within ±4% at 28 mm depth. Parameters evaluated for the three runs (a, b, c) included: 1) residual range; 2) peak/plateau ratio; 3) FWHM of the Bragg curve; and 4) distal penumbra. The measured data revealed that the un-modulated Bragg peak had a penetration at the isocenter of: a) 30 mm in water; b) 31.5 mm in silicone and water; and c) 32 mm range in silicone oil. The peak/plateau ratio of the depth dose curve is 3.1:1 in all three set-ups. The FWHM is: a) 9 mm in water; b) 10 mm in silicone and water; and c) 11 mm in silicone oil. The distal penumbra (from 90% to 20%) was: a) 1.1 mm; b) 1.4 mm; and c) 2 mm. Clinical relevance of the extended distal range in silicone was studied for impact in EYEPLAN treatment software, including cases in which tumors were in close proximity to the optic disc/nerve and macula as well as cases in which anterior ciliary body tumors were treated. The potential change of range by 2 mm in silicone would impact the dose-volume histograms (DVH) importantly for the posterior structures. In ciliary body/anterior tumors, an increase in distal range in silicone could result in optic disc/macula dose and length of optic nerve treated, compared with original EYEPLAN model DVHs. The use of silicone oil as a surgical tamponade in the treatment of retinal detachments has important implications for PBRT treatment planning. In patients with intraocular silicone oil, the physical parameters of the beam should be closely examined and DVHs for posterior structures should be analyzed for potential increased doses to the macula, disc, and length of optic nerve in the field. The change in beam parameters due to silicone oil is essential to consider in treatment planning and DVH interpretation for ocular patients with posterior as well as anterior ocular tumors.
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Introduction
Charged particle therapy (protons, helium and carbon ions) has been used for I. K. Daftari et al. many years to treat the various malignancies and ocular tumors [1] - [7] . These beams deposit high doses of radiation in small-localized ocular targets allowing for focused shaping of the radiation field. Due to the sharp fall-off of the distal part of the Bragg peak, the stopping region of the beam can be defined precisely.
These physical properties make charged particles valuable in the treatment of tumors, which are in close proximity to critical structures. Proton beam therapy (PBT) is very successful in treating ocular tumors close to critical structures like the optic nerve, fovea and lens. Since the range of proton beam is precisely known in a medium, the radiation field can be designed accurately.
Serous retinal detachment and resultant vision sequelae are a common finding in patients with choroidal melanoma. Tumor size is a strong predicator of rhegmatogenous retinal detachment [8] . Silicone oil is an effective intraocular tamponade used in treating complex retinal detachment [9] [10] . Pars plana vitrectomy often with silicone oil tamponade may be performed in eyes containing uveal melanoma that have not received radiotherapy [10] , and in eyes with rhegmatogenous retinal detachment following radiotherapy for uveal melanoma [11] [12] .
McCannel et al. [13] observed that use of silicone oil 1000 centistokes attenuated gamma radiation from Iodine-125 plaques which are placed externally on the scleral surface of an eye. Thus, they hypothesized that silicone oil could be helpful in limiting exposure to healthy tissue from an ocular plaque. Ahuja et al. [14] studied the effect of silicone oil placement prior to iodine-125 brachytherapy for uveal melanoma. They observed that silicone oil reduces the radiation dose to ocular structures at the anterior-posterior axis by 65%.
For patients presenting with eyes filled with silicone oil and undergoing proton beam radiation for uveal melanoma, it is necessary to analyze the effect of the oil on the true range of the proton beam. Previously Weber et al. [15] studied the intra-ocular density and change in proton range in clinical silicone oil tamponade. They used CT scans of a normal eye and an eye filled with silicone oil.
They observed by measuring range of proton beam in water and placing silicone oil in front of the water tank, that the range of a proton beam in silicone oil is increased by 11%. Their experimental measurements were made in water and the effect of silicone oil was studied by placing silicone oil in a small tank in front of the water tank.
In our paper, we build on this initial work to provide a comprehensive description of the effect of silicone oil on proton beam parameters and the clinical relevance of potential planning adjustments required in the context of silicone-filled eyes. Utilizing an experimental design to more closely simulate an eye filled with silicone, the objective of the present study is to delineate the physical characteristics of a clinical proton beam in silicone oil relative to water, so that beam corrections may in the future be applied as necessary. Three experiments were performed as follows. First, the range of the proton beam was measured in a water tank (simulating the tissue-equivalent of a normal eye).
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Second, a small tank containing silicone oil was placed in front of the water tank and the range of the proton beam in water was measured. Third, the "water" tank itself was filled with silicone oil only (simulating a silicone-filled eye) and the proton range measurement was repeated. The characteristics of the proton depth dose from these three experiments were compared and the clinical relevance for ocular melanoma treatment planning was examined.
Material and Methods
All measurements were made on the eye therapy beam line at Crocker Nuclear Laboratory, UC Davis. The beam line is outlined earlier [16] and is briefly de- 
Beam Monitoring and Dosimetry System
There are three primary dose monitors. The secondary emission monitor (SEM) [17] A range modulator [20] made from Lucite is located just after IC1. It is followed by a variable water column, which permits measurements to be made at various depths of penetration [21] 
Setup and Measurements
To check the uniformity of the treatment field, two sheets of 50 mm × 50 mm Central-axis depth-ionization measurements were performed in a water tank with 0.1cc ionization chamber (Model IC-18, Far west) having walls made of Shonka A150 plastic. The water tank has a 0.13 mm thick kapton entrance window through which the proton beam was incident. In order to keep ionization chamber at one place in a vertical position and make it water proof, a thin plastic tube with tissue equivalent material was positioned in the center of the field as seen in Figure 1 . The ionization chamber was always positioned in the center of the circular field of diameter 30 mm with the phantom surface at iso-center. To understand the effect of silicone oil on the physical characteristics of proton beam, three sets of measurements were made. In the first run, the Bragg-peak measurements were made in a water tank (simulating the tissue-equivalent of a normal eye). In the second run a small tank filled with silicone oil was placed in front of the water tank and the measurements were repeated in water (simulating prior experiment design [15] ). In the third run the water in the tank was replaced with silicone oil and measurements repeated (simulating a silicone-filled eye). The proton beam range and physical beam characteristics were measured systematically. Finally, the effect of the change in range on dose distributions was studied based on the EYEPLAN ® treatment planning software for patient cases using fundus image fusion [24] [25].
Results

Proton Beam Parameters
The flatness and symmetry of the radiation field at 10 and 28 mm depth were evaluated based on International Electro Technical Commission (IEC) specifications [23] [26] . The beam flatness specifications require that the maximum distance between the 90% dose and the edge of the geometrical field shall be <10.
The symmetry of the beam, measured by the difference in dose at two points symmetrically placed to the central axis, was within 1.0% at both depths. The major factor in producing excellent proton beam flatness and symmetry on this facility is that we are not using any scattering material in the beam path to produce larger field. shows that the dose across the beam is within ±3% at a depth of 10 mm and within ±4% at a depth of 28 mm. Table 1 shows the characteristics of the radiation field.
The measured data as shown in Figure 4 and Bragg peak has a penetration of 30 mm in water at the iso-center as compared to 32 mm range in silicone oil. By placing 1 cc of silicone oil in front of water tank, the range of proton beam is 31.5 mm. The ratio of range for water/silicone (oil +water) and water to silicone oil is 0.95 and 0.9375 respectively. The width of the depth dose curve at (FWHM) is 9 mm in water, 10 mm in water + silicone oil and 11 mm in silicone oil. The peak/plateau ratio of the depth dose is 3.1. The distal penumbra measurements (from 90% to 20%) were 1.1 mm for water, 1.4 mm for water + silicone oil and 2 mm for silicone oil, respectively.
Clinical Study for Silicone Oil Range Impact
Clinical relevance of the extended distal range in silicone was studied for impact Figure 7(a) ). The doses to the structures of the eye in two scenarios are summarized in Table 3 . 
Discussion
In many centers, proton beam therapy is the first choice of treatment of uveal melanoma with excellent local control [1] - [6] . Accurate planning and delivery of the treatment are of utmost importance in maintaining a high success rate. As [13]. Previously, Weber et al. [15] studied the change in proton range in eyes with clinical silicone oil tamponade and showed that by placing silicone oil in front of a water tank, that range of proton beam increased by 11%. Their experimental measurements were made in water and the effect of silicone oil was studied by placing silicone oil in a small tank in front of the water tank. These measurements showed the effect on proton range.
In our paper we build on this initial work to provide a comprehensive description of the effect of silicone oil on proton beam parameters, particularly with an experimental design to more closely simulate an eye filled with silicone.
Thus, we made the measurements of our proton beam in a tank of silicone oil itself (simulating a silicone-filled eye) and compared the beam parameters to that in a water tank (simulating a "normal" eye) as well as water + silicone oil as previously described. The results indicate that the shape of the Bragg-peak is affected in silicone oil and range of the beam is increased by 2 mm in silicone oil and 1.5 mm in water + silicone oil. This is congruent with initial results from Weber et al. [15] . The width of the depth dose curve at (FWHM) is 9 mm in water, 10 mm in water + silicone oil and 11 mm in silicone oil. The distal penumbra measurements (90% to 20%) are 1.1 mm for water, 1.4 mm for water + silicone oil and 2 mm for silicone oil, respectively. The potential adjustments to distal range and penumbra in the context of sili-
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cone oil filled eyes are important for clinical eye treatment planning. The ocular melanoma case example presented in this study demonstrates that for example eyes with a thick ciliary body tumor may appear to receive zero dose to the optic nerve and disc. However once planning model modifications are made to reflect the potential impact of silicone oil on the range of the proton beam, the disc and nerve dose increase. In the silicone oil modified plan of the same eye, 50% of the area of the disc would receive 50% of the total dose and a length of 0.4 mm of the optic nerve would receive 50% of the total dose. Such clinically relevant information is essential for treatment planning, dose volume analysis, and informing the clinician and patient.
Conclusion
The use of silicone oil as a surgical tamponade in the treatment of retinal detachment has important implications for PBRT treatment planning. In patients with intraocular silicone, the physical parameters of the beam should be closely examined and DVHs particularly for posterior structures should be analyzed for potential increased doses to the macula, disc, and length of optic nerve in the field. The change in beam parameters caused by silicone oil is essential to consider in treatment planning and DVH interpretation for ocular patients with posterior as well as anterior ocular tumors.
